Summary
Introduction

21
RNA binding proteins (RBPs) play a role in diverse mechanisms of RNA regulation, from pre- 
30
Several methods can be used to identify the endogenous protein-RNA interactions with 31 variable specificity and sensitivity. The first method developed for this purpose used antibodies 32 against the spliceosomal Sm proteins (lupus autoimmune sera) to identify the small nuclear
33
RNAs, which interact with Sm proteins within the abundant spliceosomal small nuclear 34 ribonucleoproteins (Lerner and Steitz, 1979) . This method, later referred to as RIP (for
35
RNP/RNA immunoprecipitation), relies on immunoprecipitation (IP) of an RBP under 36 conditions that preserve ribonucleoprotein complexes (RNPs) (Niranjanakumari et al., 2002) .
37
RNPs are preserved either due to mild washing conditions during IP, or by exposing cells to Table 1, Table   87 2). The variants either modify the way the steps are performed, add or omit some of the steps, 
123
PAR-CLIP introduces a variation in the crosslinking strategy (Hafner et al., 2010) (Table 1) .
124
Cells are pre-incubated with photoactivatable ribonucleosides 4-thiouridine (4SU) or 6-125 thioguanosine (6SG), which enable protein-RNA crosslinking to be performed with UV-A 126 wavelength (365nm). Mass spectroscopy analyses indicate two thirds of RBPs efficiently 127 crosslink with either the standard UV-C (CL) or with the 365nm (PAR-CL), but twice as many
128
RBPs (24% of the interactome) were identified only by CL compared with 12% for PAR-CL 129 (Castello et al., 2012) . So far, only one mass spectrometry study has compared the CL and 
144
The third approach to crosslinking is introduced by m5C-miCLIP, which exploits a mutant (Table 1) . This mutant enzyme 147 is uncapable of completing the methylation, and instead covalently attaches to the RNA base 148 at the site of modification. This approach is combined with iCLIP, which has been developed 149 to amplify cDNAs that truncate at the crosslink site, thus enabling nucleotide-resolution 150 mapping of the crosslink sites (König et al., 2010) (Table 1) . As expected, the crosslink sites 151 identified by m5C-miCLIP are enriched in cytosines, rather than uridines that are most 152 common when using UV-C crosslinking in iCLIP 
163
Cell lysis
164
In almost all CLIP derived protocols, a stringent buffer containing ionic detergents is used for 
170
In addition, with methods where the whole cell lysate is used as the input, the proportions of 
181
RNA fragmentation
182
RNA fragmentation is crucial to avoid co-purifying multiple RBPs that crosslink to the same 
193
Overdigestion results in short RNA fragments, and thus a narrow distribution of cDNA sizes.
194
This can introduce constraints at the ends of the cDNA insert due to the preferred pattern of 
212
and colleagues compared the effects of performing the RNase digestion step either in the 213 lysate, or on-bead after immunoprecipitation. By using the infrared visualisation in irCLIP 214 (Table 1) , the amount of adapter-ligated RNA-protein complexes can be examined on the 215 membrane after SDS-PAGE, which showed that the on-bead approach resulted in the highest 
265
In order to minimise the risk of co-purifying multiple RBPs, denaturing strategies are 266 particularly valuable. Several epitopes enable denaturing and sequential purification 267 strategies, which can further reduce the chance of co-purifying non-specific RBPs and RNAs.
268
Denaturing purification was first implemented by CRAC for yeast, and later by CLAP, urea- 
295
The original CLIP protocols ligated both adapters to the RNA fragments, which is also 296 employed by HITS-CLIP and PAR-CLIP (Table 1, Table 2 ). This was modified by the iCLIP (Table 1, Table 2, Table S1 ). The eCLIP 
311
Visualisation of the purified complexes on SDS-PAGE
312
Visualisation of the protein-RNA complex is the central quality control step in CLIP. It serves 313 to optimise RNA fragmentation, and to control for the specificity of purified complexes.
314
Inclusion of this step guarantees the comparative value of CLIP data produced across the 
340
In the early versions of PAR-CLIP, the membrane transfer step is omitted and the RNA 
347
PAGE and transfer, with infrared imaging which can be performed with a LI-COR Odyssey
348
CLx Imager. Since the infrared signal is present in the adapter that needs to be ligated to the
349
RNA fragments, it additionally allows monitoring of on-bead adapter ligation efficiency.
350
Another strategy for non-radioactive visualisation has been developed in sCLIP, where an 
358
The FLASH protocol also skips the SDS-PAGE and membrane transfer steps (Aktaş et al., (Table 1) .
365
While increasing the convenience, these protocols risk sacrificing the high specificity of the 366 method. The specificity of purification conditions can be affected by many factors, including 367 the cellular material and lysis conditions used, the type of RBP studied, and the stock and 
377
Reverse transcription (RT)
378
After visualising the complexes on the nitrocellulose membrane, the appropriate region of the 379 membrane is excised, and the RBP is digested with proteinase K, which leaves only a short 
432
concern at this step, since many copies of each cDNA are available due to amplification.
433
However, this approach could be prone to amplifying adapter artefacts in situations where the 434 amount of specific cDNA is limiting, for example when studying an RBP that crosslinks poorly.
435
For PCR amplification of cDNAs, most recent methods use enzymes that are slightly more 
445
Primary data analysis and sequencing requirements
446
The first step in analysing sequencing data produced by CLIP is to examine the experimental 447 barcodes to demultiplex the cDNA libraries, which is followed by mapping the data to the 448 genome. For iCLIP and the 17 later protocols that introduce UMIs into cDNAs (Table 2, Table   449 S1), this can be used to quantify unique cDNAs that map to same loci on the genome without 
459
Single-end sequencing is appropriate for iCLIP and several derived protocols (such as irCLIP),
460
because both the experimental barcode and UMI are present at the start of the trimmed 461 sequencing read (Fig. 1) . The start of the cDNA insert contains information for the crosslink 
474
Sequencing of long reads is also beneficial for protocols where the full read or internal 475 mutations are used for analysis, such as HITS-CLIP and PAR-CLIP, as it allows to fully 476 quantify the internal mutations in cDNAs.
477
Analysis of quality and normalisation of CLIP data
478
In addition to visualising the purified protein-RNA complexes during the CLIP protocol, the optimal, and thereby inform on the conditions for most cost-effective sequencing.
489
To monitor the specificity of CLIP, a suitable peak-calling program needs to be chosen 490 according to the CLIP protocol used to produce the data 
527
Conclusion and future perspectives
528
The large number and modularity of steps in CLIP provides many opportunities for innovation,
529
and new purposes to which the method can be applied continue to be discovered. 
787
The majority of currently available CLIP protocols (18 out of 28, 
797
Updated publications introducing important variations to the same method are grouped with 798 the initial publication. Protocols that are not aimed at studying the specificity of an RBP, but
799
that apply the CLIP technology to a new purpose, are listed at the end. Table S1 . A description and explanation of the rationale behind each 806 variation is provided.
800
807 Table S1 . Related to Figure 1 and 
